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Chapter 1 ^ 

PROPELLANT INJECTION SYSTEMS AND PROCESSES ’ ^ 

Jackson I. Ito 

GenCorp Aerojet Propulsion Segment 
Sacramento, California U.S.A. 


1 . 1 INTRODUCT I ON 

The Liquid Propellant Combustion Device has always presented 
design and development risks due to its required harsh operating 
ther?ial environment, usually at high pressures, with its seconaary 
goals for small packaging, light weight, high perfo^ance 
efficiency and low cost. The injector design has always been 
recognized as a key component which often controls the success o 
failure of the combustion device. 

When rocketry was in its infancy, the injector design was 
mainly developed through a time consuming and costly process of 
trial and error. Once a degree of success was achieved, designers 
attempted to copy previously successful designs. This approac 
di^ot always ?ield the dellred results. Eventually. 

Engineers recognized that it was not copying the hardware that 
assured success, but the proper scaling and control of the 
combustion process. A design that works well for one application 
S^rfail in another due to some subtle difference in operational 
requirement or system constraint. Analytical tools are now 
available or are being developed to evaluate these critical 
combustion processes so that candidate designs _ can be evaluated 
and optimized conceptually, thus avoiding or minimizing some of 
the detailed design, manufacturing and test cycles historically 
required. Even wLre the models may be incompletely understood or 
SnSrtainties exist, it may still be possible to conduct smaller 
scale faster and lower cost experiments to validate necessary 
asSumptions or to plan parallel design approaches for a few high 
risk components to increase subsequent probability of success a 
lower overall development cost. 

Chapter 1 will address the key issues that the designer needs 
to identify so that they can pick and choose from the technical 
capabilities provided by the remaining presenters at this Second 
International Sympositim on Liquid Rocket Propulsion. 

1.2 ROCKET APPLICATION DESIGN REQUIREMENTS 

Before one can expect to achieve success in a combustion 
device design, it is necessary to determine its functional 
reSi?ementI. It is also helpful to understand what types of 
de^lopment risks are most likely to be encountered and what other 
constraints are imposed by the system within which it will be 
expected to operate. This allows prioritization of limited 
t^hnology resources to assure solution of the most troublesome 
problems before committing an entire system design approac . 

These requirements can be separated into three major categories. 
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1 . 2.1 


Thrust Level and Operating Pressure 

This requirement determines the size weight of the 

combustion device. Figure 1.1 illustrates the range of various 
coSSuStlon d|yices knoSn within the international propulsion 
community 

Rnnsfers are the largest and highest pressure engines.^ Their 
hiah thrust is required to accelerate the entire vehicle s Gross 
Lift Off Weight including sustainer and/or upper stages as well as 
piyLad into^orbit. Their high pressure is required because they 
Sppd to accelerate the nozzle exhaust gases against the 
amLpL?^ pressure to high Mach -^-*ers in «der ^ ^ximite 

!l?=rlhSrhoLrerra“rpS.p1er?roriigh?teIgr^ pressure 
propellant tanks just sufficiently pressurized to suppress pump 
cavitation. 

Sustainers or second stage vehicle propulsion devices 
effectively operate outside of the earth's atmosphere. 
achieve high performance by merely expanding to very high nozzle 
St to th?oat area ratios. They do not need to operate at as 
high chamber pressure as boosters and can be either pump fe 
operate from pressurized propellant tanks. 

TTonpr Staaes are still smaller versions of sustainers.^ 
propellant mass fractions relative to total 

?han fStheir lower stages. Thus to save both weight and 

costs of a pumping system, they are usually fed from pressurizea 

tanks . 

Systems or Satellite Propulsion engines are 

the smallest rocket thrusters available. station 

in-flight vehicle guidance or provide in-orbit 
keeping functions. They are virtually always pressure fed a 
operate at low chamber pressures. 

1.2.2 Propellant Type 

Commonly used propellants can be categorized into three major 
families which differ in their relative volatilities. 

crvoaenics remain in liquid form only if kept sub- cooled^^^ 
below Sibient temperature. The most common _ cryogenic propellant 
combination is liquid oxygen (LO 2 ) and liquid hydrogen (LH 2 ) . 

Sir Sas the advantage of high specific impulse P^rfo^nce 
and is environmentally non- polluting. In most cases the hydrogen, 
which is ln e^ellent coolant, is used to regenerative ly cool the 
coiibusJiorc?SSber and nozzle. Thus it is usually in a gaseous 
st^e by the time it is injected into the combustion process. 

T.imiid Oxvaen/Hvdrocarbon - The most commonly used 
hydrocarbon is kerosene due to its ready availability, 

Sopellant cost, ease of storability and moderate bulk density 
Shi?h reduces fuel tank structural weight compared to li^id 
hydrogen. The LO 2 is highly volatile compared to kerosene 
Hence; the combustion chamber length must be designed for the 
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reouirements for thermal cooling, hxgh perfomance efficiency and 
Sisaon stability and could benefit 

combustion analysis approach. ^ome research test firings h^ 
also been conducted with Liquefied Nature Gas (LNGK 1 ^ 

methane (CH.) and liquid propane r n snd are 

typically stored at temperatures approaching tnat of LO 2 and are 

sometimes referred to as "Space Storables". 

EarthStorabl^ - The oxidizer is usually a nitric acid 

^^?5Ihter”^?LsU?opS?rntfIrf?l^irat^a^ 

and pressure and are usually hypergolic on contact. Thus, 
separate ignition system is not required. 

]_ 2.3 Engine Cycle or Feed System 

The Engine Cycle dictates the Propellant Injection System 
t-hat the Combustion Device and Injector designers must conten 
iTt^ due to its preconditioning of propellant states at various 
Component LterfSces. A more flailed discussron of li^rd rocket 
engine cycles will be presented in Section 5 (Chapter 

Dr-o««i,ri zed Propellant Tank provides the simplest feed 

^ound test facilities capable of operating at high p^p fe 
5?ruleirn Sf ^^?e«^rrinnr^e!frrerbraT;^p fed designs. 

tanlJlr:ss:refarf£erf“-:ndtobE"o:^usf?o^^ 

o?2sSrSs and feed syStem pressure drops are also minimized To 
mission. 

The Generator Cycle is the simplest 

cinfT-ine rvcies A small portion of the main engine propellants are 

bypassed and burned in a separate ^®^^^^tS?bSrwhi?h 

£S¥ii5i:« 

V, f has to be made between increasing the main 

SSron'dSviSlSfforncS w?rh increasing operafing pressure 
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against an increasing gas generator n?llsurS^^^ 

systems usually optimize performance at moderat p 

The romhustion cycle flows all of one propellant and a 

b i^£^r^5^rgaf f-st ro=iKice 

^hP main combustion device rather than being in parallel as in tn 
aac; aenerator cycle. The turbine mass flowrate available in a 
Slgirco^SLSn^cycle engine greatly, exceeds the -- ‘lowrate 

rhSi;^fdiLj;Lll!roP“-"pe5^SiLnS^Srsi ^gher 

iib^nS ^rri:ij\J/a?^iry^LS^;t^%o?fzeS he?rre-ntering 

the turbine. 

An Rxnander Cycle is somewhat similar to * 
cvcle in that no turbine drive gases are exhausted overboard^ It 

rrlb‘^LJ“o^‘'fgaf|ei^Soi°nl:fti^b?Srd??^el^^^ 

Shile regeneratively coolin^the^^ 

tlr the o^gen/hydro^en propSllant combination. Only hydrogen can 
p?ovidl Sate"coo!ing^o%he regenerative ^rn 

chamber and still be heated sufficiently to drive the turbine, 
^ile hydrogen is an excellent combustion chamber coolant and 
delivers high combustion performance, it presents a serious 

i Vi h -p^s^VrVd^? -?^fp!J-pu^pVage pr der to 

EEbyibrfrSrf VtS?n ?rs:Sreib S-h^liVVozzle 

p?esture'’«"o:%ien"?ill^avf s^Sfc^ relJIining to 

Sere? tL flow into the injector and provide chamber pressure. 
^Inde? eye?” eSglnL therefore operate at much lower pressures 

r ?Sr m 

iESE‘nsVa«^^^ 

application. 

1.3 COMMON COMBUSTION DEVICE DEVELOPMENT RISKS 

The different types of combustion device applications 
discussed in section 1.2 have different degrees of technical 
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risks. All combustion devices are potentially susceptible, 
however, to the following primary development problems. 


1 . 3.1 Combustion Instability 

Combustion Instability has been the single most significant 
combustion device development problem since _ the beginning of 
Liquid Propellant Rockets. An early ^®?° 9 nition of the 
and maqnitude of the technical concern in the U.S.A. is indicatea 
by^the\road range of investigators contpbuting to a systematic 
sharing of viewpoints compiled in 1965 . Likewise, 

SemonSLating tLt Combustion Instability is still a ma:or 
development risk within the propulsion community, the entire First 
International Symposium on Liquid Rocket Propulsion was devoted t 
this single subject^^T The First Symposium was held at the 
propulsion EnglLering Research Center at the Pennsylvania State 
University, University Park, Pennsylvania U.S.A. from /g 
January, 1993. 


The deadliest form of combustion instability is usually 
referred to as "High Frequency Combustion Instability whic i 
chLacterized by a coupling between the propellant burning rate 
with one or more of the transverse combustion 
modes. This causes a substantial increase in the 

combustion zone heat flux and the usual °f^!.^^^hirf2ilS% 

combustion instability encounter is 

due to a burnout of the combustion chamber and/or injector. 

Hence, the understandable concern for bSoste? 

solution(s). This problem is most serious for large 
engines and decreases in severity with diminishing engine s 
The problem is most common for liquid oxidizer/liquid fue 
injectors utilizing the LO 2 /Hydrocarbon or earth storable 
propellant combinations. It is a lesser problem for the LO 2 /H 2 
propellant combination, gas/liquid injectors and in ge 
«?mall thrusters. Acoustic coupling also occurs with the 
combustion chamber longitudinal modes between the injector face 
and nozzle throat plane called "longitudinal combustion 
instability", but these modes are generally less damagi g. 

"Low Frequency Combustion Instability" , also called 
"chugging", if^characterized by a coupling 

burning rate with the hydraulics of the propellant feed system. 
This p?oblem is aggravated by low injector Pressure drop and 
selection of injection elements with long atomization and/o 
v;po5“za?ion co^ustion time lags. The 

be at risk of catastrophic failure as a result of low frequency 
combustion instability; but, sensitive payloads may incur 
structural failure-particularly if they possess natural 
f regencies which cSuld resonate with the chug frequency. 

Gas/liquid injection systems could be _ susceptible to an 
additional risk from either sufficiently high amplitude feed 
system coupled or longitudinal acoustic mode combustion 
instabilities. The rising pressure at the injector face could 
cause compressibility of the gaseous propellants to result in flow 
reversal of the combustion gases into the injector manifolds. If 
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the backflowing combustion gases also entrain 

droplets into Che opposite gas “ Therfhave al^ 

“^p^^:d?r-Son”LI^ii“." forirsi ul^tLn 

isiiitne?cSb-ir^i^vf?fi^^^ 

acoustic Jode. Thus, all forms of co^ustion 
be avoided even if they appear to be doing no harm at fi 

assessment . 


1 . 3.2 Combustion Chamber Overheating/Burnout 

Considerable progress has been made in combustion chamber 
heat n-a^rwall^o^llng predictive tech« w^ll 

be covered in more detail in Section 3 (Chapter 1° 

hiaher performance (which is always a goal) , especially for lo 
^^?it^drboo^er engine applications, the first reaction is to 

iSscfe^Jx^f ?I?irro ^?hIS"vetigher^S"ure?^ ^Sigher\IaC 

flux accompanies higher operating pressures. 

For a given regeneratively cooled combustion chai^er material 
and wall thickness, a higher heat flux ^^d outer 

hTqjf w"l''''TSrwalf th!c^^^^ to limit the 

mLiLm hot gas wall temperature. p?esL?r^ ^ 

^!fffrln??:? ^ehlih^somS^iLrSr S?iSg TraLLnts. This might 
bf achieved by reducLg the cooled wall span, which in turn 
ridules lie cLlant passage hydraulic diameter and increases the 

coolant pressure drop. 

From the injector design standpoint, one desirable solution 

w?Se? SSn absolS?fl“^^ 

engine performance inversely with the the 

Co^ustion chamber thermal design margin is '^^termined by the 

consumed compromising mission payload objecti 

An easier solution for sustainer and upper stage 

layer and recombination kinetics performance losses. 

Reaction Control Systems and Satellite Propulsion devices 
have insufficient propellant consumption rate to regeneratively 

cool their combustion chambers. a 

frequently required to fire short repeated pulses and require a 
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]f0quir6d thGnnal margin. 

Fuel film cooling thermal and performance characteristics 

vary widely depending upon the ^“|fec?ivl when it reduces 

Hydrogen fuel film rj design will temperature. 

SI i?rh^-sipLS7sSssefu s Ssssis s- 

Hydrocarbon fuels provide ''?^V 9'^®gI^'=?lSpIrS?^nIe Siralation 
^^33 Injector Face Erosion 

injector face erosion is a potentially mission compromising 

failure mode for high pressure engines ’'J®“S?uSence will 

burnthrough into Che injector ”«n^'°l'^-„®“lSu?e rSlo operation 
result in loss of engine SS blto?e the other 

Slu?tSrin"pSflWe° 2 iIni??caIt reduction in payload terminal 

velocity. 

Face erosion in J:?" ^II^aSIr'^lomrSdLtiSSin local 

S?I^StSthSSiSS'’TSsSSSmrn? precludes the occurrence of 
combustion instability. 

has b®nn observed IS that lagh rn^^ recirculation 

aggravate the face near exua y narticularlv troublesome 

recirculate back to the injector face. 


1 . 3.4 


Low Thrust Chamber Assembly Performance. 


It 


Fvervone recognizes the importance of high performance. 

is an^S?SLr^sIue^ H‘'Tl“lSllre« Ireler^^I-^arbased 
readily measurable and highly^nPPn^ accupce. Chamber 

Specific llleristic Exhaust Velocity (C*) measurements, 

llllllgh accuStI? can be measured with less sophisticated 

and cheaper test facilities. 

The typical reaction to a low performing combustion device by 
the novlce'ln^ecto? designer is to replace the injector with 
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another having more smaller injection orifices in the belief that 
mS?rc^plete combustion will yield higher performance. More 
often thL not, however, the modification can result in combustion 

instability. 

The knowledgeable injector designer understands that low 
performance can be attributable to any 
followinq three causes: (1) Non-uniform oxidize 

Section distribution across the injector face, (2) Inadequate 
(too large) atomization resulting in incomplete droplet 
vaporila?lon, or (3) Incomplete mixing of fully vaporized 
combustion products. 

1.3.5 Unsafe Transients 

Relative to the total range of possible combustion device 
failure modes, too much time and resources are spent studying the 
a?eadr=tate iesign point and too little recognition is paid Co 
the possible transient operational risks. 

PT-nnp l 1 ant Type transient risks are as follows. Liquid / 
liauid earth storable engines have the simplest start transients. 
Liauid oxygen/Hydrocarbons are of intermediate risk. For example, 
i£^hJdroS??Sn Lntaminacion were Co occur within Che LO^ manifold 
during an engine shutdown transient from a previous test, the 
subseauent test start transient could be at risk of having a O 2 
manifold detonation. Cryogenic engines 

start transients because they have severe thermal _ chi lldown 
constraints in addition to the usual pressure variation 
considerations . 

EnqineCvcle transient risks are rated as follows. 

Pressurized tank feed systems are easiest to operate. The gas 
qenerator cycle has the simplest transient among the pump fed 
systems. tL staged combustion ^yde is considerably more 
romnlex The expander cycle is most difficult to start 
“rcSriine powS? margin and deep throttling with a low pressure 

drop feed system. 

Too often, excessive importance is placed upon rapidly 
achiev?ng steaiy state pressSres and coo little attention is paid 
to understanding the physics of the slow temperature transient. 
This is especially true for cryogenic propellants and gas/1 iqui 

systems. 

Possible negative effects attributable to improper transients 
are- (1) more flight failures have resulted from non-ignition or 
non- restart of cryogenic upper stages than from any other failure 
moL urde?ayl7linitionr(3) hard starts, (4) coi^ustion gas 
reversal causing fire within injector mnifolds, (5) engine 
vibration due to feed system coupling during deep throttle 
ooeration (6) gas generator or preburner temperature spikes to 
tSrbine blades, or ( 7 ) rapid, cold cryogenic hydrogen 
hot turbine blades and/or hot combustion chamber wall. Some 
failures can result in immediate flight termination and mission 
loss while others prematurely limit component cycle life. 
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1.4 


INJECTION SYSTEM DESIGN CONSIDERATIONS 


To simplify this discussion it will be assumed that the 

vehicle and System level f Jes^gnerf have been 

Assume that the combustion device and injector 

given the following design ^a?io^ U) pressurized 

lombinaclon, (2) engine thrust (3) mixture ^ ^ ^ P 

tank or pump discharge pressures, and (5) combustion 
and diameter envelopes. 

The following Important design parameters must be taken Into 
conslde?aS?on and^relimlnary baseline values (subject to 
continuing review) should be established. 

„ ..fssyassHS'S.; J“ 

be allocauea v ' . ^ nhrain hiah performance, (2) 

maximize for booster appli if aoplicable-must be adequate 

regenerative pressure^drop.^if^appl^ arop-must be 

for thermal margin, ^,-oH flowrates and (4) propellant 

chug stable at lowest expected ^ ^ ialveS and 
distribution system- including propellant 1 
injector manifolding. 

Mo-rr.iP Expansion Ratio, - Generally ^^^CheSk to 

?KlS^d ^er^??^L?ndvara^.rrr^riS er rea ratio, 
sllrtlr length nozzle merits the weight 
SmpLxity.%or a booster nozzle 

^J^°™SrbeS: of*^s^^?rrc=i: arat on l|duced sl^ loads at 

sea level firing and during pump fed start transient. 

“I^^to^ront?" SsteL and satellite Pr°Pulsion -gines,^^ 

p?lssure^Ss^dSe®?o''Seaf add??ion at iinite Mach Humber Increases 
rapidly at contraction ratios less than two. 

^SSaJity°comp?eterpro^e??an^ "he 

nozzle throat. 

Ta.actinn Eleme ^ r Tvoe and Injector Pattern gelect ian will be 
discussed separately in Section 1.6. 

1.5 CRITICAL COMBUSTION PROCESSES 

„ 1 . • 1 o 1 -i Hf=.<?rribed various liquid propellant 

Sections 1. . ^ their combustion device development 

^°^h?Ls’^^^This^section will describe primary physical mechanisms 
Kroi^whiS^thfinJeSt^r designer can establish control to solve 
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these development problems. A schematic showing some ot these 
combustion processes are in Figure 1 . 2 . 

^ 5 Injector Manifold Distribution 

The starting point of any injector design is proper 

nhv-i nus but Its achievement is often taKen toi g 
obviou , often overlooked. Uniform mixture ratio 

^^JfoSnie” "|°tL^oth£h|d: J 

ToSrciSLlhfr^^l failur^ or retire excessive 

“se*"eitirr“fheflilm’^?ooi?ySr\"blrrLr^^ 

S -o reduce wall heat flux without reducing chatter 

p?esli« X mSS weighted streamtube analysis can provrde a way 

of quantitatively estimating the effect o both 

m=.iHit,tribution upon performance penalty. It can account 
SteiticS cSSung bias and unintentional maldistribution 
performance losses. 

Compared to the cost of injector re-design and re- testing 
necessitated by either chamber thermal failure ^ 

one of the many design requirements for success. 

2 Injector Spray Atoinization 

Many liquid rocket propulsion ®“Sineers only think that 
•atomization- refers to droplet diameter as it 

propellant vaporization and perforce. ^^“„>=?^®l^ooncJxc , it 

Js^onlf ?hJ largelt'^oplets which may 4xhaust through the nozzle 

throat without being vaporized that degrades vaporiz^^ 

performance. These maximum diameter ^ 

largest 10% to 20% of the total mass distribution. 

Everyone acknowledges the critical importance of 
Freauenc/ Combustion Instability. The sensitive time is 

J3?rjpprcximated by conation st^ility^ 

''°^Vr;s?'^ror?!!e cSSilati^e droplet mass distribution. Other 
d^p Sizei ty^icSly^ntLned in 4he atomization literature refer 
to jhe Sauter mean diameter (°32> o? less 
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range of small, intermediate and large drop sizes required by the 
various combustion process analysis models. 

Another critically important atomization area which few 
face or from the point of :et impingement. The . . 

feed system L"SpIra.f i.s 

?Snrp«sSSrlzatlon blowLwn cy?le or Che intermediace operating 
point that all pump fed engines must 

transient before it bootstraps up to full throttle. 

Another atomization figure of merit 

f^iUT-th storable or LOo / Hydrocarbon injector. This is especia y 

?he Relative propellant volatilities determine whether the real 
va^orfzed Sx?S?e ratio is more ^-1 oLl 

chL the injection mixture ratio ®^/^®J“?.!'^ratio strongly 
nvial distribution of vaporized wall mixture ratio strongxy 
?S?ienJJs tL chamber hSat flux and its cooling margin. 

Atomization can be approached in a 

experience with similar designs. 

To fullv reap the benefits of atomization, not only for 

?S^^rc°S£ust^on°stabUl?y^anilysef^^ 

ipi-arafoS 

as well as a knowledge of drop size distributions. 

1.5.3 Propellant Droplet Vaporization 

-1 i-v. \jtA ^ iQcrn'G R lT Priem and M.F.Heidmann of the 

isffs KSfiJc-?” 

(Chapters 7 through 13) . 


1.5.4 


Bi- Propellant Mixing 
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Uniform mixing is essential to achieve maximum specific 
uriiru ■a aiQo re»ouired in Gas Generators and 

prebilne?f tS’^hleve unifor™ turbine 

cooling perfom,ance loss, it is desirable to minrrtize 

mixing . 

LOW molecular weight propellant species as hydrogen have 

hi ah diffusivity and mix readily, conversely, high molecular 
weight propellants such as heavy hydrocarbons 

Heavy hydrocarbons have the further disadvantage that they can 
Slid u| a sufficient insulating layer of 

surrounding the droplet that they can retard further droplet 
vaporization as well. 

• Hypergolic propellants which spontaneously react 
ran unSrgo Reactive Stream Separation also sometimes called Blow 
AD^rwhi^h retards unlike liquid/liquid propellant mixing. 
Likewise Gas /Gas injectors are notorious for their low mixing 
Efficiencies due to rapid combustion on their mixing interface 
Gas/liquid injectors mix not much differently than liqui / iqui 

systems . 

j.H.Rupe of the Jet Propulsion Laboptory was one of t^ 
earliest investigators to recognize the importance of uniform 
uSifphiSe mixing as it related to injection element design 
narameters propellant properties and injection operating 
coSitiLs^^^. in essence he reported that optimum unlike mixing 
coS?d bripproached when Che propellanc jet diameters and 
injection momentum ratio approached unity. 

1.6 CANDIDATE INJECTORS FOR LIQUID ROCKET APPLICATIONS 

References (2,10) describe various injection element types 

which Jould hive beneficial applications to liquid ^o^^^^^^ector 
designs Their spray characteristics are depicted schematically 
pfmire 1 3 A cursory discussion of some significant 
cSarllllliltics Inl llmS^examples of their possible advantageous 
application or disadvantages follow. 

1.6.1 Co-Axial Jet Injectors 

This is the single most common element type used for 

outer annulus and inject the oxygen in • 7 jj^^ss 

most oxygen/hydrogen thrust chambers operate in the 5 to 7 mass 

m?xLrS^?Itio'^ran|e, the shear co-ax requires ESt 

higher fuel injection velocity ratio in order to 

injection momentum to adequately atomize and mix the LO 2 D • 

When there is less hydrogen injection momenti^ whiEh^cEn 
^fif^miatelv shear the LOo , an oxidizer swirl pattern which can 
;?IhIfle^Sl“d by ini4rting a mechanical swirl 

rotation or by tangential injection can help self-atomize the 2 
Jpray fan either with or without the added assistance of the 


1-12 



In 


hydrogen jet. The H, is usually pre-gassif ied by regenerative 
heating in the combustion chamber in a gas generator or e^ande 
engine cycle or pre-combusted within the preburner of a staged 
co^ustiL cycle engine. Thus, the local vaporized mixture ratio 
asymptotically approaches the design mixture ratio from t e 
ther^lly benign fuel rich side which benefits both injector face 
and combustion chamber thermal compatibility. Careful attention 
must be paid if swirl co-axial injection elements are positioned 
too close to the chamber wall . Liquid oxygen droplet wall 
iSpiSgSment can cause local overheating on the forward chamber 

wall . 

Shear co-axial elements, on the other hand, provide a 
thermally benign environment on the forward chamber wall . 

However, shear co-ax's can cause thermally adverse conditions upon 
the nozzle convergent section if the LO 2 droplets are not 
completely vaporized by the end of the cylindrical chamber and 
impinge, shatter and combust on the convergent throat section, 
general, a row of finer elements adjacent to the chamber wall 
provide better compatibility and higher performance potential. A 
more detailed discussion of Co-Axial Jet Injector atomization will 
follow in chapters 2 and 4. 

1.6.2 Impinging Jet Injectors 

Many variations of impinging jet injectors shown ^^^nre 
1.3 are utilized for liquid rocket combustion devices. Some major 
classifications follow. 

The T.ike on Like Doublet was one of the earliest injection 
element concepts utilized for liquid rocket injectors. f _ 
popularity was generally attributable to its 
characteristics while delivering moderate performa . 
on like doublet is comprised of both self impinging fuel doub 
and self impinging oxidizer doublets. The quantities of fuel 
pairs and oxidizer pairs need not be equal. A functional 
advantage can be gained by designing more impinging pairs of the 
less volatile propellant. 

Ouadlet elements are like doublet pairs which have been^ 
canted toward each other to induce improved unlike propellant 
mixing . For the same number of impinging pairs and comparab 
atomization and vaporization efficiencies as like on like 
doublets, quadlet injectors tend to deliver higher performance in 
mixing limited Injectors. 

Unlike Doublets impinge a single fuel jet upon a single 
oxidizer jet. This injection element type works best for 
propellant combinations which have nearly equal fuel and oxidizer 
injection orifice areas and which also have nearly equal injection 

momentum ratios. 

TTn iikp Triolets impinge two jets of one propellant upon a 
single jet of the other. Two opposing fuel jets impinging upon an 
oxidizer is called a F-O-F Triplet; 

impinging upon a single fuel is called an O-F-0 Triplet, 
liquid/liquid propellant combinations other than oxygen/hydrogen 
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reauire finer atomization of the less volatile fuel. ^ ^ 

TrZlet tends to produce finer fuel droplet atomization for a 
aiven total injector element quantity. However since most 
propellant injLtion combinations have higher oxidizer infection 
Lmentum ratios, the O-F-0 Triplet produces 
propellant mixing uniformity. The choice between 
triplet orientations depend upon whether the propellant 

eleLnt of choice. The Unlike Pentad is a ^^riation of the 
triplet elements except that it impinges 4 on 1 instead or z on i 

Unlike impinging elements tend to produce finer atomization 
than like impinging elements of similar orifice diameter a 
pressure drop. They are generally higher performing, but also 
combustion stable. A coarser unlike impinging element 
nattern will exist that produces comparable performance efficiency 

lolustlcrstability'characteriatics as a n-r lake .mp.ngang 

injector. A coarser pattern will probably be cheaper to 
SbJiLte but will also provide wider thermal streaks A further 

v/iii be covered in chapter 6. 


1.6.3 


Parallel Jet (Showerhead) Injectors, 


The showerhead injection element is seldom ^^^d as a thrust 

producing injector due to its poor ^ften used 

ov,aT-ac^(^T•iqtics • however, for these very reasons, it is often used 

irrba?rier 1u4l film cioling element. It can be advantageously 

used when the forward chamber can be adequately regenerativ^ 

kil?t^ rrgiror^r?^ S?^^r^Se r^i.“r-cessJve Si 
?hhe iStSl-^lSlSSS ii^upon 

?hf till o° w?ih a tangential swirl component tor more uniform 
front end coverage. 

1.6.4 Injector Design Synthesis 

Historically, the selection criteria for picking a particular 
injection eiLen? to design and develops has been _ sub] ect ive . 
Either in jectSr designers or liquid rocket companies have favored 
ciSlin SeSent typel and have used them for all applications 
disreaardinq the Application Design Requirements discussed in 
Section 1 2 or the Development Risk Considerations in ^ ^ * 

Theii ShoiceTmay either have been based on previously successful 
SSign e^erfencL, prior design familiarity or other subjective 
design considerations. 

Aerojet'S analytical design approach since 1966 has been 
based on the design’^considerations described ^"Sections 1,2 and 
1 ^ Atomization breakup distances from the injector face are 
selected as a design requirement together with a nominal design 
oSin^Sessure drop and injection velocity to determine allowable 
"?i^uI?iSrdead time" ranges to satisfy feed system combustion 
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stability for transients and required throttle ranges, if 
applicable . 

Characteristic drop sizes for the volume number mean (D30) 
ran be used to predict allowable "sensitive time lags or 
characteristic high frequency combustion stability gain relative 
to the combustion chamber transverse resonance frequencies and 
lo^ultlon damping device margins. Spatial cc^ustron profiles 
are evaluated or modified to assure thermal heat flux 
compatibility at hardware surfaces compared to regenerat 
coolinq flux and wall thermal conductivities. The maximum high 
end droplet diameters are analyzed parametrically to assess 
acceptable performance losses due to unvapor 1 zed droplets 
exhausting through the nozzle throat plane for given cha 
lenqths The droplet mass fractions and species (fuel or 

oSiJSji) impinging upon the , convergent throat are used to refine 

the throat heat flux prediction. Note that the average 
size which is the primary focal point of most atomization empha 
was not explicitly mentioned in these functional injector 
dGvelopmsnt. procGSS models • 

The liquid phase or gas/liquid (Rupe) mixing efficiency {E^) 
parameter cTn be^^used if known to estimate 
performance based on distributed mass and mixture ratio 

distributions . 

None of the foregoing Aerojet ^f^ign criteria have made any 
reference thus far to a particular element type. _ Only the 

design requirements have been quantitatively 

iniector ^signer attempt to evaluate the repertory of available 
SectiL eleLnt types, orifice diameters, injection velocities, 
impingemLrLgles and ither design 

injector design which has the highest probability of fulfilling 
the aforementioned design objectives. 

1.7 CONCLUSIONS AND RECOMMENDATIONS 

The previous Art of Injector Design is maturing 
with the more systematic Science of Combustion Device lysis. 
This technology can be based upon observation, correlation, 
eiiLimentation and ultimately analytical modelling based upon 
bSic engineering principles. This methodology is more systematic 
and far luperior to the historical injector design process of 
Trial and Error or blindly Copying Past Successes . 

The benefit of such an approach is to be able to rank 
candiSte defign concepts for relative probabilUy of success or 
technical risk in all the important combustion device design 
rlSirements and combustion process development risk categories 
before committing to an engine development program. Even if 
stn^S aSytical design cSncept cannot be developed to predict 
satisfying all requirements simultaneously, a series of ns 
mitigation key enabling technologies can be identified for early 
ri^lution. Lower cost subscale or laboratory experimentation to 
demonstrate proof of principle, 

requirements, and design discriminating test plans can be 
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1 . 


2 . 


3. 


5. 


6 . 


7. 


8 . 


9. 


developed based on the physical insight provided by these 
analyses . 

The reason this overall procedure may appear intimidating at 

There are many individual reasons that any design may become 
Inac^eowble? there are considerably fewer coni=inations of 

its long term cost and schedule benefits. 
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Figure 1.1 Liquid Rocket Engine Design Applications Vary Widely 
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(Chug Stab ) Exaggerated for Clarity 

Figure 1.2 Combustion Processes are Mechanistic 
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Figure 1.3 Injection Element Spray Pattern Schematics 
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